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The pattern of organization of RNA polymerase II (RNAPII) in wild-type and mutant cs1085 SV40 chromosomes isolated between 30 min and
48 h post-infection was determined using a combination of chromatin immunoprecipitation (ChIP) techniques. During the course of a wild-type
infection, we observed a slow but significant decline in the relative occupancy of RNAPII at the early region and a corresponding increase in
occupation in the late region. In the promoter, occupancy began high, decreased to a minimum at 8 h post-infection, and then increased to a high
level by 48 h post-infection. In the mutant cs1085, which does not down-regulate early transcription, we observed high occupancy of the early
region and the promoter throughout the infection. The changing organization of RNAPII on the wild-type SV40 but not the mutant cs1085
genome appears to be a result of the switch from early to late transcription.
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In eukaryotes, processes such as transcription and replica-
tion are impacted by the packaging of DNA into chromatin. A
correlation between histone hyperacetylation and biologically
functional chromatin has been known for many years. For
example, hyperacetylation of histone H4 and/or histone H3 has
been linked to DNA replication (Jasencakova et al., 2000) and
transcription (Pazin and Kadonaga, 1997; Turner, 1991; Turner
and O’Neill, 1995; Wade et al., 1997; Wolffe and Pruss, 1996).
Because Simian Virus 40 (SV40) has been extensively
utilized as a model to investigate eukaryotic replication and
transcription (Fields et al., 1996; Hansen, 1999; Randall and
Kelly, 1992; Tijan, 1994–1995), we have recently begun an
analysis of histone hyperacetylation during the course of an
SV40 infection in order to better understand the relationship
between transcription and replication and histone hyperacetyla-
tion (Balakrishnan and Milavetz, 2005; Milavetz, 2004). For
these studies, we have used a variety of chromatin immuno-
precipitation (ChIP) analyses (Alberts et al., 1998; Kuo and
Allis, 1998; Mizzen and Allis, 1998) including a procedure0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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which we developed to measure the relative occupancy of sites
in chromatin by proteins of interest (Balakrishnan and Mi-
lavetz, 2005). In the ISF procedure, intact chromatin is bound
by antibody to protein A agarose, fragmented by sonication,
and the bound chromatin fragments separated from the released
chromatin fragments by centrifugation. The regions of DNA in
the bound and released fractions are then separately amplified
by PCR to determine the relative amount of amplification
product derived from each region. The relative occupancy of a
site can then be determined by measuring the ratio of
amplification products in the bound and released fractions.
Based on these studies, we determined that there were multiple
forms of SV40 chromosomes carrying hyperacetylated histones
during an infection based upon the hyperacetylated histone
present in the chromosome and its location on the SV40
genome (Balakrishnan and Milavetz, 2005; Milavetz, 2004).
Between 30 min and 8 h post-infection, we observed two
distinct forms of SV40 chromosomes whose organization
suggested that the chromosomes might be undergoing a phase
of transcription. The first form which was observed at 30 min
post-infection was organized with its hyperacetylated H3 found
preferentially over the promoter (Balakrishnan and Milavetz,
2005) as has been reported for chromatin undergoing the06) 31 – 43
www.e
Fig. 1. (A) Demonstration of the specificity of ChIP assays of SV40
chromosomes with antibody to RNA polymerase II (RNAP II). Unfixed
SV40 chromosomes were isolated from cells infected with 776 wild-type virus
for 48 h. SV40 chromosomes were immunoprecipitated with antibody to RNAP
II in the presence and absence of competitor peptide (Santa Cruz Biotechnol
ogy) containing the epitope recognized by the antibody. The amplification
products were separated by submerged agarose gel electrophoresis. The
position of the amplification product from the wild-type 776 virus is indicated
Lane 1: input chromatin; lane 2: immunoprecipitation with antibody; lane 3
immunoprecipitation with antibody that had been preincubated with competito
peptide; and lane 4: no antibody added. (B) ChIP assays of unfixed and
formalin-fixed SV40 chromosomes isolated 30 min, 8 h, and 48 h with
antibody to RNAP II. Unfixed and formalin-fixed SV40 chromosomes were
isolated from cells infected with 776 wild-type virus for 30 min, 8 h, and 48 h
SV40 chromatin was immunoprecipitated with antibody to RNAP II. The DNA
present in the immunoprecipitates was purified and amplified by PCR. The
amplification products were separated by submerged agarose gel electropho
resis. The position of the amplification product from the wild-type 776 virus is
indicated. Lane 1: input chromatin; lane 2: immunoprecipitation with 10 Al o
antibody.
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2003; Myers et al., 2001). The second form which was
observed at 8 h post-infection was organized with hyperacety-
lated H4 and H3 extensively throughout the genome as has
been reported for actively transcribing chromatin (Chua et al.,
2001; Letting et al., 2003; Myers et al., 2001). Although the
organization of hyperacetylated histones in these two forms of
SV40 chromosomes were consistent with the initiation of
transcription and active transcription, respectively, it was not
possible to know with certainty whether these patterns of
organization actually represented the structure of transcribing
SV40 chromosomes because our analysis was based upon
pooled SV40 chromosomes.
In order to determine whether any of the forms of SV40
chromosomes containing the various patterns of organization
of hyperacetylated histones, which we identified, were present
in chromosomes undergoing transcription, we realized that it
would be necessary to develop a strategy to separate the
transcribing chromosomes from the other chromosomes in the
pool. We hypothesized that one way to select for transcribing
chromosomes would be to immune select the chromatin by
using an antibody to a protein which would be expected to be
associated only with transcribing chromosomes. This immune
selection would allow us to separate transcribing chromosomes
from the entire pool of chromosomes. RNA polymerase II
which is the eukaryotic RNA polymerase responsible for
transcription of mRNAs like those generated from the SV40
genome is one such protein since it is present in the promoter
of genes undergoing the initiation of transcription and the
coding region of genes undergoing active transcription
(Shilatifard et al., 2003). Moreover, antibody to RNA
polymerase II has been used in ChIP analyses to determine
the location of RNAPII within the promoter and coding regions
of the dihydrofolate reductase and gamma-actin genes (Cheng
and Sharp, 2003; Sandoval et al., 2004).
We report here the use of antibody to RNA polymerase II to
immune select SV40 chromosomes carrying RNAP II at
various times in infection and describe the organization of
the RNAP II on the SV40 genome at times when early and late
transcription were occurring. In addition, we demonstrate the
feasibility of using SV40 chromosomes immune-selected for
the presence of RNAPII to study the organization of
hyperacetylated histones.
Results
RNA polymerase II is specifically associated with SV40
chromosomes
As a first step in determining the relationship between RNAP
II and SV40 chromosomes during the course of an infection, we
analyzed SV40 chromosomes obtained 48 h post-infection when
late transcription was known to occur (Tooze, 1981) with
antibody to RNAP II (Santa Cruz Biotechnology) using our
standard ChIP protocol and PCR amplification with a primer set
to the early region of the SV40 chromosome (nt 4540–4949)
(Balakrishnan and Milavetz, 2005; Milavetz, 2004). As shownin Fig. 1A, we observed that a fraction of the unfixed intact SV40
chromatin was immunoprecipitated with antibody to RNAP II
(compare lane 2 to lane 1). This immunoprecipitation was
blocked by preincubation of the antibody with a competitor
peptide carrying the target epitope of RNAP II (compare lane 3
to lane 2), indicating that the immunoprecipitation was specific
to the appropriate target on RNAP II. In addition, no
immunoprecipitation was observed in the absence of antibody
(compare lane 4 to lane 2), again demonstrating that immuno-
precipitation required antibody to RNAP II.
Since immunoprecipitation with antibody to RNAP II was
specific to the appropriate epitope present on SV40 chromo-
somes, we next determined whether RNAP II was present on
SV40 chromosomes isolated at other times in a lytic infection. In
this and subsequent analyses, we used both formalin fixed and
unfixed SV40 chromosomes. The former were used to exclude
the possibility that RNAPII was being lost from the chromo-







Fig. 2. RT-PCR analysis of SV40 chromosomes at 30 min post-infection. Total
RNAwas extracted from BSC-1 cells, 30 min post-infection, and amplified by
RT-PCR. The position of the amplification product from the wild-type 776
virus is indicated. Lane 1: DNA control; lane 2: total RNA; lane 3: total RNA
control (no reverse transcriptase enzyme added to the PCR mix).
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chromosomes as an artifact of fixation. Neither of these
possibilities appeared to be occurring since in this and
subsequent analyses we observed identical results with either
formalin fixed or unfixed SV40 chromosomes. SV40 chromo-
somes were obtained at 30min post-infection, 8 h post-infection,
and 48 h post-infection. We chose these three times for two
reasons. First, from the literature, we expected that SV40
chromosomes isolated at these times would be undergoing
initiation of early transcription, active early transcription, and
primarily late transcription, respectively (Tooze, 1981). Second,
we have previously shown that at 30 min post-infection, there
are two distinct forms of SV40 chromosomes (Milavetz, 2004)
present; one of which was organized with hyperacetylated H3 as
expected for the initiation of transcription (Balakrishnan and
Milavetz, 2005). We have also shown that at 8 h post-infection
the pattern of organization of hyperacetylated H4 and H3 was
consistent with early transcription which would be expected at
that time (Balakrishnan and Milavetz, 2005).
Following PCR amplification of the input and immunopre-
cipitated DNAwith a primer set to the early region, we observed
that a fraction of the formalin fixed and unfixed input SV40
chromatin was immunoprecipitated with antibody to RNAP II
(compare input chromatin lane 1 to immunoprecipitated
chromatin lane 2) at each time point tested (Fig. 1B). Because
this analysis was not designed to be quantitative, it was not
possible to determine whether there were significant differences
in the fraction of input SV40 chromosomes which was
immunoprecipitated by antibody to RNAP II at the times tested.
SV40 chromosomes are undergoing transcription as early as
30 min post-infection
Since early transcription has previously been reported only as
early as about 3 h post-infection (Cremisi, 1981), we were
surprised to see RNAP II bound to SV40 chromosomes at 30min
post-infection. In order to determine whether there was
transcription at this time, we prepared RNA from cells infected
with SV40 for 30 min and analyzed the RNA by RT-PCR using
primers to the early genes (nt 4540–4949). As shown in Fig. 2,
we obtained an amplification product from the mRNA present in
infected cells isolated at this time following RT-PCR (lane 2).
We excluded the possibility that the amplification product might
be due to the presence of contaminating DNA since no product
was obtained when reverse transcriptase was not added to make
cDNA in the first step of the amplification protocol (lane 3).
Localization of RNAP II on the SV40 genome using chromatin
fragment immunoprecipitation (CFIP)
In order to determine whether RNAP II was organized on
the SV40 genome the same as either hyperacetylated H4 or H3
in SV40 chromosomes isolated 30 min, 8 h, or 48 h post-
infection, the position of RNAP II was determined using the
two strategies which we previously described (Balakrishnan
and Milavetz, 2005); chromatin fragment immunoprecipitation
(CFIP) and immune selection and fragmentation (ISF). In theCFIP procedure, unfixed or formalin fixed SV40 chromosomes
were isolated and purified from cells infected for 30 min, 8 h,
or 48 h. The purified SV40 chromosomes were then frag-
mented by sonication and the smaller fragments of chromatin
separated from larger fragments and any intact SV40 chromo-
somes by centrifugation on a glycerol step gradient (Balak-
rishnan and Milavetz, 2005). In our preliminary studies, we
have determined that the largest fragments of DNA present in
this purified fraction of chromatin are approximately 500 bp in
length with most of the fragments between 200 and 400 bp in
length. The purified fragments of SV40 chromatin were
immunoprecipitated with antibody to RNAP II according to
the ChIP procedure and the DNA present in the immunopre-
cipitates amplified by duplex PCR with primer pairs to the
early and late regions or promoter and late regions of the SV40
genome. Duplex PCR was used in this analysis because we
found in our previous publication (Balakrishnan and Milavetz,
2005) that duplex PCR would allow us to determine not only
which regions were occupied by RNAPII but whether there
was a preference for the occupation of one of the regions over
the other region. The early region (nt 4540–4949), the late
region (nt 1566–1878), and the promoter region (nt 5168–
420) were chosen because they were likely to be occupied by
RNAPII during initiation of transcription or active transcription
at one or more of the times chosen for analysis. The promoter
region includes the entire SV40 regulatory region and
encompasses both the early and late promoters.
Typical examples of the products generated by duplex PCR
from immunoprecipitated unfixed and formalin fixed SV40
chromatin fragments are shown in Fig. 3. At each of the times
analyzed, PCR amplification products were obtained using
primer pairs for the early region (lanes 1–4), late region (lanes
1–8), and promoter (lanes 5–8) from the unfixed and formalin
fixed input chromatin fragments (lanes 1, 3 and lanes 5, 7,
respectively) and from the unfixed and formalin fixed
immunoprecipitated fragments (lanes 2, 4 and lanes 6, 8,
respectively). However, we noted that in some of the analyses
there appeared to be a significant change in the ratio of PCR
amplification products derived from the immunoprecipitated
chromatin compared to the input chromatin, implying that there
was a preference for the antibody to recognize its epitope on
one region of the SV40 genome over the other region of the
genome. In order to confirm that the ratios were changing, the
relative amounts of amplification products from the early and
Fig. 3. Duplex PCR for CFIP. CFIP analysis of sonicated SV40 chromatin isolated at 30 min, 8 h, and 48 h post-infection by duplex PCR. Unfixed and fixed SV40
chromosomes were isolated from cells infected with 776 wild-type virus for 30 min, 8 h, and 48 h. Purified SV40 chromosomes were subjected to fragmentation by
sonication and the fragments of SV40 chromatin were purified by glycerol gradient sedimentation. Fraction two and three from the sonicated purified chromosomes
were immunoprecipitated with antibody RNA polymerase II. The samples were amplified by duplex PCR using primer sets to the early and late or late and promoter
regions. E and L indicate the positions of the early and late PCR amplification products, respectively. P and L indicate the positions of the promoter and late PCR
amplifications products, respectively.
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cipitated chromatin fragments were quantitated by densitom-
etry. Although results from only one experiment are shown in
Fig. 3, we observed similar results in four separate sets of
analyses. We did not obtain averages with standard deviations
for these quantitative analyses because the ratios obtained for
the input chromatin varied somewhat with each preparation of
duplex PCR amplification mix.
In SV40 chromosomes obtained 30 min post-infection, we
observed a shift in the ratio from the late region to the early
region [compare unfixed lane 1, 49(E)/51 (L) to lane 2, 63(E)/
37 (L) and fixed lane 3, 48(E)/52(L) to lane 4, 60(E)/40(L)] and
a shift from the late region to the promoter [compare unfixed
lane 5, 42 (P)/58(L), to lane 6, 66(P)/34(L), and fixed lane 7,
34(P)/66(L), to lane 8, 67(P)/33(L)]. In SV40 chromatin
obtained 8 h post-infection, there was no apparent shift
between the early and late regions or between the promoter
and late regions. In SV40 chromatin obtained 48 h post-
infection, there was again no indication of a preference for the
early or late side of the genome but there appeared to be a
preference for the promoter over the late side [compare unfixed
lane 5, 37(P)/63(L), to lane 6, 57(P)/43(L) and fixed lane 7,
45(P)/58(L), to lane 8, 63(P)/34 (L)].
*E, L, and P denote the early region, the late region, and the
promoter region, respectively.
Localization of RNAP II on the SV40 genome using immune
selection and fragmentation (ISF)
In the ISF strategy, purified unfixed and formalin fixed SV40
chromosomes isolated 30 min, 8 h, and 48 h post-infection
which carried RNAP II were immune-selected with antibody to
RNAP II and bound to agarose through the antibody. The
immune-selected SV40 chromosomes bound to agarose werethen fragmented by sonication and the fragments released by
sonication (the soluble fraction) separated from any fragments,
which remained bound (the bound fraction) by centrifugation.
The DNA, which was present in the soluble and bound fractions,
was then amplified by PCRwith primer sets to the early, late, and
promoter regions as above. By comparing the amount of
amplification product with a particular primer set obtained from
the antibody bound fraction to the amount obtained from the
soluble fraction, one can obtain an estimate of the relative
occupancy of the region defined by the primer set. For example,
if RNAP II was bound to a particular region of the genome in
most of the SV40 chromosomes, one would expect significantly
more amplification products from the bound fraction than from
the soluble fraction following PCR with primers to that region
(Balakrishnan and Milavetz, 2005). In our previous publication,
we have found this to be a reliable and reproducible technique
for determining the relative occupancy of a region of the SV40
genome in chromatin (Balakrishnan and Milavetz, 2005).
Typical results from ISF analyses of unfixed and formalin
fixed SV40 chromosomes are shown in Figs. 4A and B,
respectively. We observed that the early, late, and promoter
regions of the SV40 genome were present in the bound fraction
from SV40 chromosomes isolated at 30 min, 8 h, and 48 h post-
infection (Fig. 4). These results were consistent with the results
obtained with the CFIP strategy and indicated that RNAP II
potentially could be found anywhere in the SV40 genome
during infection. However, depending upon the time post-
infection, it appeared that the occupation of certain regions by
RNAP II was greater than the occupation of other regions. In
order to determine if this was correct, the average percent of
chromatin fragments in the bound fraction from the early, late,
and promoter region at each time point were calculated
following densitometry of the PCR amplification products in
the bound and released fractions. These results are also
Fig. 4. Simplex PCR. Analysis of SV40 chromatin generated from immune-selected SV40 chromosomes isolated at 30 min, 8 h, and 48 h post-infection (ISF-
Simplex PCR). Unfixed (A) and fixed (B) SV40 chromosomes were isolated from cells infected with 776 wild-type virus for 30 min, 8 h, and 48 h. Purified SV40
chromosomes were immunoprecipitated with antibody to RNA polymerase II. The immune-selected SV40 chromosomes were then subjected to chromatin
fragmentation by sonication. Following sonication, the chromatin fragments that remained bound to the agarose were separated from the chromatin fragments which
were solubilized by sonication. The regions of the SV40 genome present in the bound and solubilized fractions were determined by simplex PCR amplification with
primer sets to the early, late, and promoter regions.
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were based upon at least 12 separate analyses for each region
and time point while the averages for formalin fixed chromo-
somes were based upon at least 5 separate analyses.
Comparing the percentage of RNAPII bound at different
regions of the SV40 genome at the three time points, we
observed a number of highly significant differences. For
example, in unfixed SV40 chromosomes isolated 30 min post-
infection, RNAP II appeared to occupy the early region (lanes 1
and 2) in a large fraction of the chromosomes (65 T 2%), the
promoter (lanes 5 and 6) in a moderate fraction of the SV40
chromosomes (53 T 1%), but only occupied the late region (lanes
3 and 4) in a small fraction of the chromosomes (32 T 2%). The
corresponding values for fixed SV40 chromosomes were 65 T
2%, 52 T 1%, and 34 T 2%, respectively. The occupancy of
RNAPII in unfixed SV40 chromosomes obtained 8 h post-
infection was very different. We observed moderate occupancy
of the early (46 T 1%) and late (52 T 1%) regions and low
occupancy in the promoter (30 T 2%). The corresponding values
for fixed chromatin were 47 T 0.5%, 52 T 1%, and 30 T 2%,
respectively. In SV40 chromosomes isolated 48 h post-infection,
the occupancy of RNAPII again differed from the results
obtained at the two earlier time points. In unfixed SV40,
chromosomes occupancy in the early region was 42 T 0.5%, in
the late region 53 T 1%, and in the promoter 61 T 1%. Thecorresponding values for formalin fixed chromatin were 42 T
0.5%, 53 T 1%, and 60 T 2%.
Comparing the average percent bound for formalin fixed
chromatin to unfixed chromatin at each region and time point,
it was clear that the results for formalin fixed and unfixed
chromatin were almost identical. At most, they differed by only
a few percent for any given region and time point in the two
forms of chromatin.
Comparing the occupancy of RNAPII within each region of
unfixed SV40 chromosomes during the three time points of the
infection, we observed that the occupancy within the early
region decreased between 30 min and 48 h post-infection (65 +
2% to 42 + 0.5%), while the occupancy of the late region was
increased during the same time period (32 + 2% to 53 + 1%).
Within the promoter, occupancy first fell from 53 + 1% to 30 +
2% between 30 min and 8 h post-infection and then increased
at 48 h post-infection when it was 61 + 1%. All of these
changes in the percent RNAPII bound were significant.
Time course of RNAP II reorganization during the first 18 h of
infection
Since the organization of RNAP II on the SV40 genome
appeared to differ significantly in SV40 chromosomes isolated
at 30 min, 8 h, and 48 h post-infection, we then analyzed
L. Balakrishnan, B. Milavetz / Virology 345 (2006) 31–4336unfixed SV40 chromosomes isolated at intermediate times for
the organization of RNAP II.
In particular, we were interested in knowing whether the
observed changes in organization of RNAP II occurred
abruptly at a specific time or more gradually during the course
of infection. Fig. 5 shows typical results from this analysis.
PCR amplification products from the bound and soluble
fractions are shown in Fig. 5A. The average percentage ofFig. 5. (A) Analysis of SV40 chromatin generated from immune-selected SV40 ch
infection. Unfixed SV40 chromosomes were isolated from cells infected with 776 w
chromosomes were immunoprecipitated with antibody to RNA polymerase II. T
fragmentation by sonication. Following sonication, the chromatin fragments that rem
were solubilized by sonication. The regions of the SV40 genome present in the boun
primer sets to the early, late, and promoter regions. (B) Graphical representation of
sonication: SV40 chromatin which remained bound to agarose following immune-s
isolated at 30 min, 1 h, 3 h, 5 h, 8 h, 12 h, 18 h, and 48 h post-infection was am
amplification products were separated by submerged agarose gel electrophoresis a
densitometer. The average percentage (from 12 separate analyses at 30 min, 8 h, and
h post-infection) of total chromatin which remained bound was plotted against thechromatin which remains bound to agarose following sonica-
tion as determined by densitometry is indicated and plotted in
Fig. 5B. These averages are based upon at least 12 separate
analyses at 30 min, 8 h, and 48 h, and two separate analyses at
all other times. In this graph, we observed a general reduction
in the percentage of RNAP II bound within the early region, a
corresponding increase in the percentage of RNAP II bound
within the late region, and a reduction and then an increase inromosomes isolated at 30 min, 1 h, 3 h, 5 h, 8 h, 12 h, 18 h, and 48 h post-
ild-type virus for 30 min, 1 h, 3 h, 5 h, 8 h, 12 h, 18 h, and 48 h. Purified SV40
he immune-selected SV40 chromosomes were then subjected to chromatin
ained bound to the agarose were separated from the chromatin fragments, which
d and solubilized fractions were determined by simplex PCR amplification with
the average percentage of chromatin that remains bound to agarose following
election with antibody to RNAP II and sonication (ISF) of SV40 chromosomes
plified by PCR using primer sets to the early, late, and promoter regions. The
nd the amount of DNA present in each fraction was determined by scanning
48 h post-infection and at least 2 separate analyses at 1 h, 3 h, 5 h, 12 h, and 18
time of infection.
L. Balakrishnan, B. Milavetz / Virology 345 (2006) 31–43 37the percentage of RNAP II bound within the promoter region
with the change occurring around 8 h post-infection. Interest-
ingly, there was also a corresponding change in binding of
RNAP II at both the early and late regions occurring at this
same time. Together, these results suggested that there is some
event occurring around 8 h post-infection, which results in a
reduced occupancy of the promoter region at this time.
Characterization of RNAPII organization in chromatin from
the SV40 mutant cs1085
The reduced occupancy of RNAPII within the promoter and
almost equal binding of RNAPII on both the early and late
coding regions at 8 h post-infection in wild-type SV40
chromosomes suggested that the pattern of binding at this time
might reflect the down-regulation of early transcription and up-
regulation of late transcription which is known to occur at this
time. In order to test whether the occupancy of RNAPII on the
SV40 genome directly reflected transcription of the chromo-
somes, we analyzed the organization of RNAPII in SV40
chromosomes from the mutant cs1085 which contains a deletion
of T-antigen binding Site I (DiMaio and Nathans, 1980). As a
consequence of the deletion of Site I, this mutant does not down-
regulate early transcription, but instead continues to transcribe
the early region at high levels late in infection (DiMaio and
Nathans, 1982). If the changes in occupancy by RNAPII, which
we observed in wild-type chromosomes, were related to the shift
from early to late transcription, we would expect to observe
different patterns of occupancy in this mutant. In particular, we
would expect to see that the promoter and early regions were
occupied at higher frequency later in the infection in the mutant
compared to the wild type as a consequence of the increased
early transcription occurring in the mutant.
Typical results from an ISF analysis of unfixed cs1085
mutant SV40 chromosomes immune-selected with antibody to
RNAPII are shown in Fig. 6. Comparing the results with cs1085
mutant chromosomes in Fig. 6 to the results with unfixed wild-Fig. 6. Simplex PCR. Analysis of cs1085 SV40 chromatin generated from immune-se
Simplex PCR). Unfixed cs1085 SV40 chromosomes were isolated from cells in
chromosomes were immunoprecipitated with antibody to RNA polymerase II. T
fragmentation by sonication. Following sonication, the chromatin fragments that rem
were solubilized by sonication. The regions of the SV40 genome present in the boun
primer sets to the early, late, and promoter regions.type chromosomes in Fig. 4, it was clear that there were a
number of major differences. For example, there was muchmore
RNAPII bound in the promoter at 30 min, and 8 h, and in the
early region at 8 h and 48 h post-infection in cs1085 mutant
chromosomes than in wild-type chromosomes. Conversely,
there was much less RNAPII bound in the late region at 8 h
and in the promoter at 48 h in cs1085 mutant chromosomes than
in wild-type chromosomes. Comparing the percentages of
chromatin fragments which remained bound following sonica-
tion in the immune-selected wild-type chromosomes to the
cs1085 mutant chromosomes, we observed that within the
promoter of unfixed SV40 chromosomes isolated 30 min post-
infection, the average occupancy goes from 53 T 1% to 97 T 1%,
while in chromosomes isolated 8 h post-infection, the change
was 30 T 2% to 93 T 1%. In chromosomes isolated at 48-h post-
infection, occupancy decreased from 60 T 1 to 46 T 1. In
chromosomes isolated 8 h post-infection, occupancy of the early
region increased from 46 T 1% to 57 T 2% and at 48 h post-
infection occupancy increased from 42 T 0.5% to 60 T 2%. In
chromosomes isolated 8 h post-infection, occupancy in the late
coding region decreased from 52 T 1% to 24 T 2%. Changes in
the percent of occupancy were less dramatic at other regions in
chromosomes isolated at each of the time points.
The increased occupancy of the promoter and early regions
in cs1085 mutant chromosomes along with the reduced
occupancy of the late region at 8 h post-infection was
consistent with the expected change in pattern of transcription
resulting from the failure of the cs1085 mutant to down-
regulate early transcription (DiMaio and Nathans, 1982).
Characterization of the chromatin present in the soluble
fraction by immune selection fragmentation and
immunoprecipitation (ISFIP) and re-chromatin
immunoprecipitation (Re-ChIP)
Hyperacetylated histones have been associated with regions
of eukaryotic chromatin undergoing transcription using alected SV40 chromosomes isolated at 30 min, 8 h, and 48 h post-infection (ISF-
fected with cs1085 mutant virus for 30 min, 8 h, and 48 h. Purified SV40
he immune-selected SV40 chromosomes were then subjected to chromatin
ained bound to the agarose were separated from the chromatin fragments which
d and solubilized fractions were determined by simplex PCR amplification with
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immune-selected with antibody for the presence of bound RNAP
II are presumably undergoing transcription, it seemed likely that
the immune-selected chromosomes should also contain hyper-
acetylated histones. In order to determine whether hyperacety-
lated histones were present on SV40 chromosome containing
RNAP II in a region of the genome, which is likely to be
undergoing transcription, we analyzed immune-selected SV40
chromosomes obtained 30 min post-infection for the presence of
hyperacetylated histones and RNAP II on the early region of the
genome. We chose to analyze SV40 chromosomes at this time
because we showed above that RNAP II preferentially occupied
the early region of the SV40 chromosomes at this time and we
had observed evidence of early transcription by RT-PCR.
The strategy that we used for this analysis was based upon
the ISF procedure, which we used to determine the location of
RNAP II on the SV40 genome. Following immune selection
with antibody to RNAP II and sonication, the soluble
chromatin fraction was separated from the agarose bound
chromatin fraction. The soluble chromatin fraction was then
subjected to a ChIP analysis with antibody to either hyper-
acetylated H4, hyperacetylated H3, or RNAP II (Balakrishnan
and Milavetz, 2005; Milavetz, 2004). We also included
antibody to RNAP II in this analysis to confirm that the
chromatin, which was released by sonication, did not contain
any bound RNAP II. We refer to this combined ISF and
secondary ChIP analysis as Immune Selection, Fragmentation,
and Immunoprecipitation (ISFIP). The fraction of chromatin
which remained bound to agarose was eluted and subjected to a
ChIP analysis according to the ReChIP procedure (IJpenberg et
al., 2004). Together, the complementary ISFIP and ReChIP
procedures allowed us to determine whether hyperacetylated
histones were found at sites distinct from those occupied by
RNAP II or co-localized with RNAP II, respectively.Fig. 7. Analysis of SV40 chromatin generated from immune selection fragmentatio
ChIP) of SV40 chromosomes isolated at 30 min post-infection: Unfixed and fixed SV
30 min. Purified SV40 chromosomes were immunoprecipitated with antibody to RN
to chromatin fragmentation by sonication. Following sonication, the chromatin f
immunoprecipitated with antibody to RNAPII, hyperacetylated histone H4, and histo
immunoprecipitated with antibody to hyperacetylated histone H4 and histone H3. T
the amplification product from the wild-type 776 virus is indicated. Lane 1: bound fr
fraction immunoprecipitated with 10 Al of RNAPII antibody (ISF); lane 3: ChIP with
histone H4 antibody (ISFIP); lane 5: ChIP with 10 Al of hyperacetylated histone
antibody (ReChIP); lane 5: ChIP with 10 Al of hyperacetylated histone H3 antibodTypical examples of the results obtained from this analysis
using unfixed and formalin fixed SV40 chromosomes are
shown in Fig. 7. As expected, we obtained PCR amplification
products from the eluted bound fraction (lane 1) and the
soluble fraction (lane 2) from the ISF procedure. We also
obtained products from the soluble fraction immunoprecipi-
tated with antibody to hyperacetylated H4 (lane 4) and
hyperacetylated H3 (lane 5), and the eluted bound fraction
immunoprecipitated with antibody to hyperacetylated H4 (lane
6) and hyperacetylated H3 (lane 7). We did not, however,
obtain any PCR amplification product from the soluble
chromatin fraction immunoprecipitated with antibody to RNAP
II (lane 3). Moreover, we did not observe any immunoprecip-
itation of the soluble chromatin fraction with antibody to
RNAP II from chromosomes obtained at any other time during
infection (data not shown).
These results clearly demonstrate that hyperacetylated
histone H4 and hyperacetylated histone H3 are present
within the early region of SV40 chromosomes obtained 30
min post-infection which were immune-selected for the
presence of RNAP II. The results also indicate that these
hyperacetylated histones can be found at sites independent of
the location of RNAP II (from the ISFIP results) and co-
localized with the RNAP II (from the ReChIP results). The
absence of RNAP II on the soluble fragments of chromatin
generated by sonication indicates that sonication does not
result in the random breakage of the antibody–epitope
interaction originally present in the immune complexes bound
to agarose.
Discussion
Using a combination of ChIP techniques with antibody to
RNAP II including CFIP and ISF (Balakrishnan and Milavetz,n and immunoprecipitation (ISFIP) and re-chromatin immunoprecipitation (Re-
40 chromosomes were isolated from cells infected with 776 wild-type virus for
A polymerase II. The immune-selected SV40 chromosomes were then subjected
ragments, which were solubilized by chromatin fragmentation, were further
ne H3. The bound fraction was eluted using elution buffer and the eluate further
he samples were amplified with primer sets to the early region. The position of
action immunoprecipitated with 10 Al of RNAPII antibody (ISF); lane 2: soluble
10 Al of RNAPII antibody (ISFIP); lane 4: ChIP with 7.5 Al of hyperacetylated
H3 antibody (ISFIP); lane 6: ChIP with 7.5 Al of hyperacetylated histone H4
y (ReChIP).
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SV40 genome between 30 min and 48 h post-infection when
early and late transcription would be expected to be occurring.
We utilized both procedures for this analysis because we were
interested in knowing the regions of the SV40 genome, which
contained bound RNAP II and the relative frequency that each
region was actually occupied by RNAP II. While both
procedures allowed us to determine which sequences contained
bound RNAP II, only the ISF procedure also allowed us to
estimate the relative frequency that a region was actually
occupied (Balakrishnan and Milavetz, 2005) in the immune-
selected SV40 chromatin.
Since SV40 chromosomes undergoing the initiation of
transcription or active transcription were expected to be
present in the pool of SV40 chromosomes isolated at each
of the times post-infection (Tooze, 1981), it was not surprising
to find that RNAP II was bound to some of the SV40
chromosomes. While we originally expected to see only SV40
chromosomes undergoing initiation of transcription at 30 min
post-infection, the presence of RNAPII in the coding region of
the early genes suggested that active transcription might also
be occurring at this time. Using RT-PCR, we were able to
observe a small amount of mRNA present at this time
consistent with the possibility that some active transcription
was occurring. Using less sensitive techniques, early mRNA
has previously been reported as early as 3 h post-infection
(Cremisi, 1981).
The elevated occupancy of the promoter and early regions
by RNAPII at early times in the wild-type and cs1085 SV40
chromosomes was consistent with a role for the RNAPII in
early transcription which is known to be occurring at these
times (Tooze, 1981). The observation that this occupancy was
reduced in both regions in the wild-type infection but not in
the mutant infection at later times suggested that the reduction
in occupancy of these regions seen in the wild-type infection
was a result of the down-regulation of early transcription
which normally occurs at this time (Tooze, 1981). T-antigen
binding to Site I is known to be responsible for this down-
regulation (DiMaio and Nathans, 1982) although the specific
mechanism of down-regulation has not been thoroughly
characterized. Our results suggest that at about 8 h post-
infection when down-regulation in wild-type chromosomes is
occurring the binding of T-antigen to Site I has a profound
effect on the ability of RNAPII to occupy the promoter.
Occupancy within the promoter presumably reflects the
events occurring during the initiation of transcription. The
initiation of eukaryotic transcription results from a complex
interplay between the core RNAPII enzyme and a number of
auxiliary proteins including TBP and TFIIF as well as the
regulatory complex known as mediator (Asturias, 2004). Any
one of these complex interactions might be affected by the
binding of T-antigen to Site I with the result that RNAPII is
less likely to be bound to the promoter region. The elevated
occupancy of the late region at later times in the wild-type
infection was consistent with a role for the RNAPII in late
transcription which is known to be occurring at late times
(Tooze, 1981).The results obtained with the ISF analysis of occupancy
also suggested that the transcribing SV40 chromosomes
contained only a limited number of RNAP II complexes. If
RNAP II was present in many copies on the SV40 genome in
all the immune-selected SV40 chromosomes, we would have
expected that all or most of the fragments of chromatin
generated by sonication of the immune-selected SV40 chro-
mosomes would have remained bound to agarose. However, as
shown by the results with ISF, a significant fraction of the
input chromatin from each region of the genome which did not
carry RNAP II was released by sonication. The fraction of
initially bound chromatin released by sonication varied from
about 30% to as much as 70% depending upon the region of
the genome and the time that the SV40 chromosomes were
isolated post-infection. The presence of only a limited number
of RNAP II complexes may explain the observation that only a
relatively small number of early transcripts [estimated at about
100] (Tooze, 1981) are generated during the early stages of
infection.
The presence of RNAP II in the late region of the genome at
early times and the early region of the genome at late times in a
significant fraction of SV40 chromosomes was an unexpected
result. Although we do not yet know the reason for the
RNAPII present in the late region at early times, there are a
number of possible explanations. The RNAPII could be a
result of genome length transcription (Khoury et al., 1976),
limited late transcription at early times as seen in polyomavirus
(Chen and Fluck, 2001; Hyde-DeRuyscher and Carmichael,
1988), or promiscuous encapsidation of SV40 chromosomes
undergoing late transcription in the previous round of infection
(Milavetz, 2004). We are presently investigating these possi-
bilities. Similarly, there are two likely explanations for the
presence of RNAPII on the early region at late times in the
infection. RNAPII might be associated with limited early
transcription since down-regulation in a wild-type infection
does not occur in all SV40 chromosomes (DiMaio and
Nathans, 1982) or the RNAPII might be present as a result
of genome length transcription which has been shown to occur
at late times in infection to a large extent (Brady and Pipas,
1993).
ChIP analysis of chromatin with antibody to RNAP II has
previously been used primarily to characterize the organization
of RNAP II and other proteins in the promoter of genes
undergoing transcriptional activation (Asturias, 2004; Cheng
and Sharp, 2003; Kang et al., 2004; Komarnitsky et al., 2000;
Morillon et al., 2003; Xu et al., 2004). ChIP analysis of
chromatin with antibody to RNAP II (RNAPOL-ChIP) has
also been used to measure eukaryotic transcription rates,
where it has been shown to yield results similar to those
obtained by more traditional methods (Sandoval et al., 2004).
In the later study, the organization of RNAP II during the
induction of transcription of the c-fos gene and during steady
state transcription of beta-actin was determined. During
induction of c-fos transcription, the RNAP II was first found
on the promoter and then migrated into the coding region. In
contrast, during steady state transcription of beta-actin, the
RNAP II was found on both the promoter and coding region.
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RNAP II during early and late transcription, are consistent
with these two observations. None of the previous studies
described in the literature to date have specifically addressed
the question of whether a region of transcribing chromatin
contains many copies of RNAP II or only a limited number of
molecules of RNAP II as was determined here for SV40
transcription.
We have recently described the organization of hyperace-
tylated H4 and H3 on the SV40 genome in pooled SV40
chromosomes isolated at the same times used in the present
analysis (Balakrishnan and Milavetz, 2005). Interestingly, we
did not observe any direct correlation between the organization
of RNAP II on the SV40 genome and the organization of either
hyperacetylated H4 or H3. For example, at 30 min post-
infection, we observed RNAP II to be preferentially associated
with the promoter and early regions. In contrast, we previously
found hyperacetylated H3 preferentially associated with only
the promoter region and hyperacetylated H4 showing no
preference for any region of the genome. Similar kinds of
differences occurred at both 8 h and to a lesser extent at 48 h.
The most likely explanation for the absence of a direct
correlation between the location of RNAP II and hyperacety-
lated H4 or H3 was the fact that the analysis of hyperacetylated
histones used pooled SV40 chromosomes, which were likely to
contain species besides transcribing chromosomes while the
analysis of RNAP II organization utilized only those SV40
chromosomes, which carried RNAP II. Nevertheless, the
results with the ISFIP and ReChIP analyses of SV40
chromosomes isolated 30 min post-infection clearly showed
that hyperacetylated H4 and H3 were present in the early
region of SV40 chromosomes which contained RNAP II.
Moreover, the results also indicated that these hyperacetylated
histones could be found co-localized with RNAP II as well as
independent of the location of RNAP II. These studies
constitute the first direct demonstration that transcribing
chromatin operationally defined by the presence of RNAP II
contains hyperacetylated histones associated with and inde-
pendent of RNAP II in the region of chromatin undergoing
transcription. We are presently using ISFIP and ReChIP to
characterize the nature of histone hyperacetylation on the SV40




SV40 virus and chromatin were prepared in the BSC-1 cell
line of monkey kidney cells (ATCC). The 776 SV40 wild-
type and cs1085 mutant virus were a gift from Dr Daniel
Nathans.
Cell culture and infections
BSC-1 cells were maintained at 37 -C in minimal essential
medium containing 10% fetal calf serum, gentamycin, gluta-mine, and sodium bicarbonate (GIBCO). Sub-confluent mono-
layer of cells were infected with the wild-type 776 virus or
cs1085 mutant virus as previously described (Kube and
Milavetz, 1989). The virus was allowed to adsorb onto the
cells for 30 min. The virus was washed off and fresh media
were added and the plates were incubated further for 1 h, 3 h, 5
h, 8 h, 12 h, 18 h, and 48 h at 37 -C in an incubator. SV40
chromosomes were harvested at 30 min, 1 h, 3 h, 5 h, 8 h, 12 h,
18 h, and 48 h post-infection, respectively. SV40 chromatin
was fixed with formalin by adding 0.275 ml of 37% formalin to
the cells and incubating the cells with the formalin for 10 min
at 37 -C in an incubator. The formalin-fixed SV40 chromatin
was isolated and prepared the same as the unfixed chromatin
described below.
Preparation of SV40 chromosomes
SV40 chromosomes were harvested from infected cells and
purified by glycerol gradient centrifugation as previously
described (Friez et al., 1999; Hermansen et al., 1996). Gradient
fractions four and five, which contained SV40 chromosomes,
were combined for subsequent analysis.
Chromatin immunoprecipitations of fragmented chromatin
(CFIP)
200 Al of unfixed and fixed SV40 chromatin was
sonicated for 6 min as previously described (Balakrishnan
and Milavetz, 2005). The sonicated fragments of chromatin
were diluted with 200 Al of 10% glycerol and separated from
the intact chromosomes using glycerol density gradient
centrifugation as previously described (Friez et al., 1999;
Hermansen et al., 1996) with the modification of a 1
h centrifugation. The second and third fractions containing
the sonicated chromatin were combined for further analysis.
Chromatin fragments were immunoprecipitated with 10 Al of
antibody to RNA polymerase II (Santa Cruz Biotechnology,
SC 900) using the reagents and protocol supplied by Upstate
with minor modifications. Chromatin Immunoprecipitation
with fragmented chromatin (CFIP) was carried out as
previously described (Balakrishnan and Milavetz, 2005) with
the exception of addition of 175 Al of sonicated chromatin to
the pelleted agarose after 4 h incubation with the RNAP II
antibody.
Chromatin immunoprecipitations followed by chromatin
fragmentation (ISF)
Unfixed and fixed SV40 chromosomes were immunopreci-
pitated with 10 Al antibody to RNA polymerase II (Santa Cruz
Biotechnology) using the reagents and protocol supplied by
Upstate with minor modifications as previously described
(Balakrishnan and Milavetz, 2005; Milavetz, 2004) with the
exception of addition of 175 Al of chromatin to the pelleted
agarose after 4 h of incubation with the RNAP II antibody. In
the final step of chromatin immunoprecipitation, the pelleted
agarose was resuspended in 400 Al of TE buffer. 200 Al of
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quent analysis as previously described (Balakrishnan and
Milavetz, 2005).
Chromatin immunoprecipitations followed by chromatin
fragmentation followed by a second immunoprecipitation
(ISFIP)
Fixed and unfixed chromosomes were immunoprecipitated
with antibody to RNAP II (Santa Cruz Biotechnology) as
described above for the ISF procedure. In the final step of ISF,
the soluble fraction obtained after sonication was used as the
secondary input sample (200 Al) and immunoprecipitated with
antibody to RNAPII (Santa Cruz Biotechnology), hyperacety-
lated histone H4 or hyperacetylated histone H3 (Upstate). The
immunoprecipitation was carried out as described previously
(Milavetz, 2004).
Re-chromatin immunoprecipitation (Re-ChIP)
Re-ChIP was performed according to the procedure
described by IJpenberg et al. (2004) with minor modifications.
Fixed and unfixed chromosomes were immunoprecipitated
with antibody to RNAPII (Santa Cruz Biotechnology) as
described above for the ISF procedure. In the final step of ISF,
the bound fraction was eluted twice with 200 Al Immunopure
Gentle Ag/Ab Elution Buffer (Pierce). The bound fraction was
incubated for 15-min with elution buffer at room temperature
and the eluted chromatin recovered by centrifugation. The
eluates were pooled as the secondary input sample (200 Al) and
immunoprecipitated with antibody to hyperacetylated histone
H4 or hyperacetylated histone H3 (Upstate). The immunopre-
cipitation was carried out as described previously (Milavetz,
2004).
Preparation of DNA for PCR
Samples were prepared for PCR by phenol/chloroform
extraction followed by ethanol precipitation in the presence of
paint pellet co-precipitant (Novagen) as previously described
(Balakrishnan and Milavetz, 2005; Milavetz, 2004). Approx-
imately 100 Al of protein A agarose eluates was purified using
phenol/chloroform. The aqueous phase (125 Al) was added to a
PCR tube that contained 3 Al of pellet paint co-precipitant and
12.5 Al of 3 M sodium acetate, pH 5.2 (Novagen). The sample
was mixed and 280 Al of 100% ethanol added. Following 10-
min incubation at room temperature, the samples were
centrifuged at 12,000 rpm for 5 min and the supernatant
discarded. The samples were washed with 70% ethanol,
vortexed, incubated for 5 min, and then centrifuged at 12,000
rpm for 5 min. The supernatant was again discarded and the
samples were dried in a vacuum.
PCR amplifications
DNAwas amplified from three different regions of the SV40
genome (the early coding region, the late coding region and thepromoter) in a Perkin-Elmer Model 480 thermal cycler using
Ampli Taq Gold DNA Polymerase (Applied Biosystems) with
primer sets 5VGCTCCCATTCATCAGTTCCA3Vand 5VCTGACQ
TTTGGAGGCTTCTGG3V for the amplification of the early
region (nt 4540–4949), 5VCAGTGCAAGTGCCAAAGATC3V
and 5VGCAGTTACCCCAATAACCTC3V for amplification of
the late region (nt 1566–1878) and 5VGCAAAGCTTTTTGCAQ
AAAGCCTAGGCCT3V and 5VCGAACCTTAACGGAGGCCTQ
GGCG3V for amplification of the promoter region (nt 5168–420).
A master mix containing all the required constituents was
prepared according to the instructions supplied with the
DNA polymerase in advance and kept at 20 -C until
required. Immediately before use, the master mix was thawed
and a volume corresponding to 30 Al for each sample to be
amplified was removed to prepare a working mix. The
working mix was then prepared by adding the DNA
polymerase to the master mix in the ratio of 0.5 Al per 30
Al of master mix. Following thorough mixing, the 30 Al of
working mix was added to each previously prepared PCR tube
containing a sample of template DNA to be amplified. The
tubes were gently vortexed to suspend the pelleted DNA
present in the tubes. When suspension was complete, the
samples were overlaid with two drops of molecular biology
grade mineral oil (Sigma). All previous manipulations were
performed in a Nuaire biological safety cabinet Model
NU_425–400. The samples were centrifuged for 1 min at
14,000 rpm in an Eppendorf micro centrifuge, and the PCR
amplifications were hot started by heating the tubes for 2 min
and 30 s at 95 -C. The DNA was amplified for 45 cycles with
each cycle consisting of annealing at 54 -C for 1 min, DNA
synthesis for 1 min at 60 -C for early region, 64 -C for late
region, and 70 -C for the promoter region, and denaturation at
95 -C for 1 min. Duplex PCR reaction mixes were made by
adding either early or late and late and promoter reaction mixes
in a 1:1 ratio just before PCR amplifications. The DNA was
amplified for 45 cycles with each cycle consisting of annealing
at 54 -C for 1 min, DNA synthesis for 1 min at 60 -C for early
and late duplex mix, 64 -C for late and promoter duplex mix,
and denaturation at 95 -C for 1 min.
mRNA isolation, synthesis of the first strain cDNA, and
RT-PCR analysis
Total RNA was extracted from BSC-1 cells 30 min post-
infection with 776 wild-type virus using TRIzol (Invitrogen)
reagent and was treated with treated with deoxyribonuclease I
at a concentration of 1 unit of DNase I/1 Ag of RNA in a buffer
containing 20 mM Tris–HCl (pH 8.4), 2 mM MgCl2, 50 mM
KCl for 15 min at room temperature. The reaction was
terminated by adding EDTA at a final concentration of 2.5
mM and heated at 65 -C for 10 min. Primer sets used to the
early region were the same as the one described above. The
first strand cDNA was synthesized at 50 -C for 1 h in a 50
Al reaction mix containing 5 Al DNase I treated RNA and 1
Al ThermoScript RT-PCR System plus Platinum Taq DNA
Polymerase (Invitrogen). The PCR conditions were the same as
described above for the early region.
L. Balakrishnan, B. Milavetz / Virology 345 (2006) 31–4342Analysis of PCR amplification products
Following PCR amplification of the DNA samples, the
products were separated on 2.4% submerged agarose gels
(Sigma) by electrophoresis (Balakrishnan and Milavetz, 2005;
Friez et al., 1999; Hermansen et al., 1996; Milavetz, 2002,
2004). The separated products were visualized by staining
with ethidium bromide and electronically photographed using
UVP GDS8000 Gel Documentation System (Ultra Violet
Products).
Scanning densitometry
Quantitation of agarose gels was done with Molecular
Analyst (Version 1.4) from Bio-Rad. Using Molecular
Analyst, images were obtained by importing those that were
captured with UVP GDS8000 Gel Documentation System.
On importing the image, quantitation was performed with
the Volume Analysis function to determine the percent
volume of DNA bands of interest. The Local Background
subtraction function was utilized to normalize background
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